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Eroded black soils (classified as Mollisols) lead to a thinner topsoil layer, reduced organic carbon storage and declined crop productivity. Understanding the changes in soil microbial communities owing to soil erosion is of vital importance as soil microbial communities are sensitive indicators of soil condition and are essential in soil nutrient cycling. This study used the reconstructed facility with 10, 20 and 30 cm topsoil thickness under no-till soya bean-corn rotation in black soil region of Northeast China. Illumina MiSeq sequencing targeting 16S rRNA, qPCR and soil respiration measurement were performed to assess the changes in soya bean and corn rhizosphere bacterial communities, as well as their abundance and activities due to the topsoil thickness. The results showed that soil bacterial communities from both soya bean and corn were more sensitive to topsoil removal than to soil biogeochemical characteristics. Topsoil depths significantly influenced both soya bean and corn bacterial communities, while they only significantly influenced the bacterial abundance and respiration in corn. We also found that the topsoil depths significantly induced the changes in phyla and genera from both soya bean and corn rhizosphere bacterial community, which aid further understandings on how topsoil layer influences the global nutrient cycling of Mollisols by influencing the change in microbial communities.
Introduction
The degradation of soil by erosion is a threat worldwide due to its negative effects on the environment and crop productivity [1] . Erosion causes the decrease in the topsoil thickness [2] . Cotching et al. [3] found that the thickness and organic matter content of topsoil had a positive correlation with soil productivity. Topsoil thickness is of vital importance in maintaining the soil quality and productivity [4] . The northeastern region of China, where the fertile and productive Mollisols are primarily distributed, is the main grain production base in China. In 2016, the regional corn and soya bean yields were 51% and 37%, respectively, of the national total (National Bureau of Statistics of China, 2016) . Although the history of agricultural cultivation in this region dates back only 100 years, this region suffers from serious soil degradation problem, especially soil erosion, which decreases the thickness of humus horizon layer from 60-100 cm to 20-40 cm, as well as the decline of soil nutrient level or soil biophysico-chemical properties, such as soil organic matter content, microbial activities and soil water storage capacity [3] [4] [5] . These changes directly influence the growth of plant root system and rhizosphere environment, reduce soil productivity and increase the cost of chemical input as a result, which definitely induce adverse effects in the sustainable development of agriculture food security in this region.
Soil microbial communities are sensitive indicators of soil condition [6] and are essential in soil carbon/ nitrogen (C/N) cycling processes and nutrient transformation. Any alteration in the composition and activity of soil microbial communities is likely to influence plant nutrient availability [7] , soil C-storage [8] and ecosystem productivity and functioning [9] . Therefore, understanding the changes in soil microbial communities owing to soil erosion is of vital importance to soil microenvironment, and thus root growth and development. In the hilly red soil region of southern China, Li et al. [10] investigated the microbial responses in relation to soil physico-chemical property changes induced by erosion. In black soil region of Northeast China, extensive studies have been carried out in characterizing simulated soil erosion on soil productivity [11] , and the effectiveness of soil amendments for restoring the productivity of eroded soils [12] . These studies proposed the declined productivities in eroded Mollisol varied among crop types. However, little information is available on the response of soil microbial community or activity in soya bean and corn to soil erosion in this region.
Therefore, this study aimed to clarify the responses of soil microbial community to topsoil thickness in soya bean and corn rotation system. We hypothesized that (1) topsoil with different thickness will change the microbial community, (2) thicker topsoil depth will enhance the microbial activities and increase the microbial abundance, (3) the responses of soil microbial communities to topsoil thickness will be different between soya bean and corn. To test these hypotheses, we used the reconstructed topsoil facility with three topsoil thickness under no-till soya bean-corn rotation system in Heilongjiang Province, a typical region of Mollisol in Northeast China. Illumina MiSeq sequencing targeting 16S rRNA, real-time PCR (qPCR) and soil respiration measurement were performed to characterize the bacterial communities, as well as their abundance and activities during the growing season of soya bean and corn.
Material and methods

Experimental design
The research site is located in Guangrong Village, Hailun City, Heilongjiang Province of Northeast China (47826 0 N, 126838 0 E). The site is within the north temperate zone and continental monsoon area, which is cold and arid in winter and hot and rainy in summer. The annual average temperature is 1.58C, ranging from 328C in summer to 2378C in winter. The annual mean rainfall for the last decade was 548 mm, and the average temperature and rainfall during the growing season (from 1 May to 30 September) were 18.18C and 474 mm, respectively. The soil is a typical Chinese Mollisol on a 58 slope with 30 cm thick A horizon.
The simulation experiment was set up in April 2015. Depths of simulated topsoil were 10, 20 and 30 cm deep. The selection of these soil depths was based on the survey that nearly 40% topsoil thickness in the farmland of black soil region is less than 30 cm deep. Topsoils with 30 cm depths in the designed area were all removed by bucket grader and then mixed well. Then certain soil mass was refilled back to each plot according to designed topsoil depth. Soil mass for each topsoil depth reconstruction was calculated on the soil bulk density, the depths of topsoil and the area of the reconstructed plot. Each plot was 10.4 m in length and 7.5 m in width. Every soil depth treatment was replicated thrice. After the topsoil depth was reconstructed, the surface soil was flattened, and the soil was naturally deposited for 1 year with soya bean planted to cover the soil. All soya bean residues royalsocietypublishing.org/journal/rsos R. Soc. open sci. 6: 181054 were threshed and returned to cover the soil after harvest. Field experiment was started in the growing season of 2016. Popular cultivars of soya bean (Dongsheng 1) and corn (Xinken 5) in the region were planted. The crop sequences of soya bean -corn and corn-soya bean rotations were implemented in two independent blocks in the field. Basal nutrients were applied at the following rates (kg ha 21 ): 150 (NH 4 ) 2 HPO 4 , 50 urea and 50 K 2 SO 4 for soya bean, and 150 (NH 4 ) 2 HPO 4 , 75 urea and 50 K 2 SO 4 , with 75 urea as the top dressing for corn.
Soil sampling and characteristics
In the year 2017, at the R6 stage of soya bean and R3 stage of corn, several shoots were cut off, and the roots were carefully separated from soils. Only the soil adhering to the roots was considered as rhizosphere soil [13] and the rhizosphere soils were collected by shaking the roots. A part of composite soil samples was placed into autoclaved microcentrifuge tubes (2 ml) immediately. The tubes were stored at 2808C until use. Another part of the soil was kept at 48C for further physico-chemical property analysis and microbial biomass C determination.
Soil physico-chemical properties and microbial biomass C determination
Soil moisture was measured gravimetrically. A proportion of fresh soil samples was obtained for the measurements of the microbial biomass C and N (microbial biomass carbon/N) [14] and ammonium (NH þ 4 À N) and nitrate (NO À 3 À N) concentrations (SKALAR, San þþ , Netherlands). The rest of the soil samples were air dried for determining Olsen phosphorus (P) [15] . Soil pH was measured using a pH meter after shaking the soil water (1:5 v/v in H 2 O) suspension for 30 min. Available potassium (AK) and other additional soil chemical properties were determined using methods described by Lu [16] .
Soil incubation and respiration measurements
Sieved soil (20 g) was placed into PVC cores (4.5 cm height, 2 cm diameter) with nylon mesh bottoms. Each PVC core was placed into a 0.25 l wide-mouth mason jar together with a vial containing 10 ml of water to maintain the humidity inside the jar. The soil water content was maintained at 80% field water capacity by weighing and watering. A 15 ml plastic vial containing 10 ml 1 M NaOH was placed in each jar as a base trap to capture evolved CO 2 . All mason jars were placed in an incubator under dark conditions at a constant temperature of 258C. Soil respiration was estimated by measuring the amount of CO 2 absorbed in the NaOH trap. Titrations were performed after 24 h incubation. The CO 2 trapped in the NaOH solution was precipitated with 0.5 M SrCl 2 solution. HCl (0.1 M) was used to neutralize the excess NaOH using phenolphthalein as an indicator [17] .
Soil DNA extraction
Soil DNA of each treatment (three replicates) was extracted from 0.5 g of frozen soils with a Fast DNA SPIN Kit for Soil (Qbiogene Inc., Carlsbad, CA, USA) according to the manufacturer's instructions. The extracted DNA was diluted in 20 ml TE (10 mM Tris-HCl, 1 mM EDTA, pH 8.0) buffer and stored at 2208C until use.
qPCR
qPCR was performed on a LightCycler w 480 System (Roche) using primers 338F (5 0 -CCT ACG GGA GGC AGC AG-3 0 ) and 518R (5 0 -ATT ACC GCG GCT GCT GG-3 0 ) [18] by targeting the V3-V5 region of the 16S rRNA gene [19] . Each 20 ml reaction mixture contained 10 ml of SYBR Premix EX Taq TM (Takara, Dalian, China), 0.4 ml each of 10 mM forward and reverse primers, 2 ml of 100-fold diluted template DNA and 7.2 ml of sterilized Milli-Q water. The PCR was performed in triplicate, and the conditions were as follows: 958C for 30 s, followed by 30 cycles of 958C for 5 s, 608C for 30 s and 508C for 30 s. A melting curve analysis and agarose gel electrophoresis of the PCR products were conducted to confirm that the fluorescence signal was originated from specific PCR products and not from primer-dimers or other artefacts. The copy number of bacterial 16S rRNA genes was calculated using a regression equation to convert the cycle threshold (Ct) value to a known number of copies in the standards [20] . DNA extracted from each sample was used as a template for PCR amplification using the primers 515F/ 907R [21] by targeting the V4-V5 region of 16S rRNA gene [22] . The primers were modified with a unique 6-nt barcode at the 5 0 -end. An aliquot of 10 ng of purified DNA template from each sample was amplified in a 25 ml reaction system under the following conditions: initial denaturation at 958C for 5 min, followed by 30 cycles consisting of denaturation at 958C for 1 min, annealing at 638C for 1 min and extension at 728C for 1 min, with a final extension at 728C for 5 min. Each sample was amplified in triplicate, and the PCR products were pooled and purified using an agarose gel DNA purification kit (TaKaRa, Dalian, China). An equimolar amount of the PCR products was combined into one pooled sample and submitted to Majorbio Bio-pharm Technology Co. Ltd (Shanghai, China) for Illumina paired-end sequencing (2 Â 250) using the Illumina MiSeq platform.
Processing the DNA-sequence and diversity indices
After sequencing was completed, all sequence reads were quality checked using the quantitative insights into microbial ecology (QIIME) pipeline Version 1.8.0 (http://qiime.org/tutorials/tutorial.html) [23] . Briefly, any ambiguous reads or low-quality sequences shorter than 200 bp in length and with an average quality score of less than 20 were excluded from further analysis. Bacterial sequences with the same barcode were assigned to the same sample, and then the barcode and primer sequences were removed. Sequences with similarities of greater than 97% were clustered into one operational taxonomic unit (OTU). Coverage, Ace and Shannon indices were obtained using the Mothur program (http://www.mothur.org). Phylotypes were identified using Ribosomal Database Project (RDP) pyrosequencing pipeline (http://pyro.cme.msu.edu/). As the sequence number after quality check varied among samples, we randomly selected 21 971 and 25 688 sequences for soya bean and corn, respectively, based on their minimum reads before further analysis. Using the program R version 3.1.2 for Windows (R Development Core Team, 2010), principal coordinate analysis (PCoA) was processed to assess the patterns of similarity (Bray-Curtis similarity) in the composition of the microbial community between treatments. Mental test was applied to evaluate the correlations among microbial communities with environmental variables using PASSaGE (http://www.passagesoftware.net/). Differences in community structure were tested using ANOSIM [24] and ADONIS [25] . Analysis of the genus abundance with two-way ANOVA was performed using Genstat 12.0. The correlations between the genera and soil properties were examined using bivariate analysis by SPSS 16.0. DNA sequences have been deposited into the GenBank short-read archive SRP151783.
Results and discussion
Soil characteristics
Fundamental physico-chemical characteristics of the studied soils are summarized in table 1. NO À 3 À N and total C content in the rhizosphere of soya bean were significantly affected by topsoil depths; the depth of 20 cm had the highest NO À 3 À N content, and the total C significantly decreased with increasing topsoil depths. In the case of corn, remarkable differences in total potassium (TK), total carbon (TC) and pH were observed; TK and TC were the highest and pH was the lowest in topsoil with 10 cm depth. There was little or no effect on NH þ 4 À N, available phosphorus, AK, total phosphorus, dissolved organic carbon (DOC) and total nitrogen contents.
16S rRNA gene sequence copy numbers and soil respiration
Partially supporting our second hypothesis, topsoil depths did not significantly influence the bacterial abundance and respiration in the rhizosphere of soya bean but significantly decreased the bacterial abundance and increased the respiration in corn, which indicated that corn was more susceptible to soil erosion than soya bean was (table 2). The higher sensitivity of corn to soil erosion was also confirmed by Sui et al. [12, 26] , who investigated the effect of topsoil removal on grain yield in the same zone and reported that crop yields declined with increased depth of topsoil removal and the yield reduction in corn was greater than in soya bean. Notably, the bacterial abundance in the rhizosphere of corn decreased, while the respiration in the rhizosphere of corn increased with royalsocietypublishing.org/journal/rsos R. Soc. open sci. 6: 181054 the increase in topsoil depth. At the same topsoil depth, 16S rRNA gene sequence copy numbers in corn were significantly higher than those in soya bean and were higher than corn at the topsoil depth of 10 cm, while an opposite trend was noted for soil respiration. One explanation could be that the maize root weight density significantly increased with topsoil depths (Y Yang et al. 2019, unpublished), implying an intense competition between corn root growth and bacterial growth, thus only a few bacteria that had high competition ability and activities could survive under limited-nutrition conditions.
Bacterial community diversity analysis
The rarefaction coverage was greater than 0.97 for all the samples, revealing that the current number of sequence reads was sufficient to indicate bacterial diversity. Based on Mothur clustering, the number of OTUs was in the range of 2239-2321 and 2485-2494 for soya bean and corn, respectively. The bacterial diversity of soil samples was analysed by calculating the a-diversity indices (table 2) . For the average number of OTU and Chao estimator, both soya bean and corn showed no significant differences among different topsoil depths. Shannon diversity indices were 6.41-6.49 and 6.54 -6.56 for soya bean and corn, respectively. Similar to OTU numbers and Chao estimator, the Shannon diversity indices of soya bean and corn showed no significant differences among different topsoil depths. The relationship of OTU numbers and a-diversity with soil properties is shown in electronic supplementary material, table S1. Notably, DOC was observed to significantly correlate with OTU numbers, a-diversity, bacterial abundance and soil respiration as DOC was the main energy source for soil microorganisms and was considered to be an important indicator of soil quality [27] . The variations in soya bean and corn rhizosphere bacterial communities caused by topsoil depths were investigated using PCoA based on Bray -Curtis distance. PCoA profiles yielded a separation among different topsoil depths both in soya bean and corn ( figure 1) . The PC1-axis and PC2-axis were 24.24% and 16.49%, and 26.93% and 22.69% for soya bean and corn, respectively. The results of ANOSIM and ADONIS analyses also showed significant community differences based on the OTUs derived from different topsoil depths both for soya bean and corn, indicating that compared with soil properties, soil bacterial communities were more sensitive to short-term reconstructed topsoil. This result further emphasized the importance of soil microbiological properties as early indicators of change in soil quality [28] . The community differences might be due to the different root growth characteristics induced by different topsoil depths, for example, topsoil depths could significantly increase soya bean root weight density and ratio of root length/root weight (Y Yang et al. 2019, unpublished), thus the significant changes detected in the soya bean and corn rhizosphere microbial communities in response to topsoil depth might be related to quantitative and qualitative changes in root biomass and rhizodeposition, which soil microbes depend on for food and energy. Whether and how these factors affect soil bacterial communities require further investigation.
Composition and specific bacterial taxa modulated by topsoil depths
A detailed distribution of the 10 most abundant bacterial phyla based on 16S rRNA sequence reads of all samples is shown in figure 2 . The phyla Proteobacteria, Actinobacteria, Acidobacteria, Chloroflexi and Bacteroidetes occupied 79 -83% and 80-82% of the bacterial sequences obtained from soya bean and corn, respectively. Proteobacteria was the most abundant phylum, accounting for 27-34% of the total reads in all the samples. Actinobacteria and Acidobacteria were the second and third dominant phyla, accounting for 15 -20% and 15 -23% of the total reads, respectively. In the case of soya bean, the distribution of Proteobacteria and Gemmatimonadetes was significantly different among different topsoil depths. While in the case of corn, the distribution of Actinobacteria and Bacteroidetes was significantly different among different topsoil depths. These four significantly modulated phyla in soya bean and corn among different topsoil depths were further analysed at the genus level by twoway ANOVA (table 3 ). In the case of soya bean, seven genera affiliated with Proteobacteria and two genera affiliated with Gemmatimonadetes were significantly affected by topsoil depths. While in the case of corn, three genera affiliated with Actinobacteria were significantly affected by topsoil depths. No genera from Bacteroidetes was significantly affected by topsoil depths. These different distributions of phyla and genera between soya bean and corn also supported the different responses of bacterial communities to topsoil thickness in soya bean and corn rhizosphere. Among the seven significantly modulated genera in soya bean, Bradyrhizobium constituting an important group of rhizobia, has served as a model system for studying host -microbe symbiotic interactions and N fixation due to its importance in agricultural productivity and global N cycling [29, 30] . They are supposed to play crucial roles in degrading herbicides [31] , promoting plant growth and attenuating the toxic effects of nickel and zinc [32] . Many strains have been isolated from soil and are available for use in commercial inoculants to increase soil quality and fertility [33] . Rhodanobacter was first proposed by Nalin et al. [34] , and members of this genus have been isolated from forest soil [35] , ginseng rhizosphere [36] and corn rhizosphere [37] . Some species have been shown to be acid tolerant, exhibiting complete denitrification [35, 38] . Our previous study also showed that this genus was identified as denitrification bacteria in Mollisol [39] , implying that it might contribute to N cycling in Mollisol and might be sensitive to environmental changes. Among the three significantly changed genera in corn, genera from the order Gaiellales had the most abundance. This order was recently identified with limited isolates available [40, 41] . Members of Gaiellales can be reportedly found in various environments, such as thermal spring [42] , soil [43] and the rhizosphere of rice [44] . This order contains aerobic microbes and those that can interact with complex polysaccharides derived from the plant [45] . Why erosion impacts the genera and possibly impacts the above bacterial function in relation to plant response to erosion needs to be clarified in the future studies.
Correlations between selected soil properties and significantly changed genus
Mantel test analyses revealed that the corn rhizosphere bacterial community was significantly correlated with soil NO À 3 À N (r ¼ 0.4089, p , 0.05), while the soya bean rhizosphere bacterial community was not significantly correlated with any soil biogeochemical characteristics. The correlations between selected soil properties and significantly changed genera are shown in electronic supplementary material, table S2. In the case of soya bean, among the seven significantly affected genera by topsoil depths, Bradyrhizobium was strongly correlated with microbial biomass nitrogen (MBN), available P and dissolved organic nitrogen (DON); Haliangium was strongly correlated with MBN; norank_f__Xanthobacteraceae was closely related with total C and unclassified_f__Xanthomonadaceae was closely related with MBN and DON. While in the case of corn, only one genus (norank_o__Gaiellales) was significantly correlated with pH. Thus, partial biogeochemical characteristic changes under different soil depth removal contribute to the change in the bacterial community by influencing specific genera.
Conclusion
This research confirmed that soil bacteria were more sensitive to topsoil removal conditions than to soil biogeochemical characteristics. The topsoil depths did not significantly influence the number of OTUs and a-diversity of bacterial communities in soya bean and corn, but influenced the 16S rRNA gene sequence copy numbers and soil respiration, especially in the case of corn. PCoA, ANOSIM and ADONIS analyses revealed significant community differences based on the OTUs derived from different topsoil depths both for soya bean and corn. Proteobacteria and Gemmatimonadetes, Actinobacteria and Bacteroidetes were significantly different among different topsoil depths for soya bean and corn, respectively. Further analysis showed that seven genera affiliated with Proteobacteria and two genera affiliated with Gemmatimonadetes were significantly affected by topsoil depths in soya bean, while in the case of corn, three genera affiliated with Actinobacteria were significantly affected by topsoil depths. These significant changes in the genera induced by topsoil depths may play a vital role in the agricultural productivity and global nutrient cycling of Mollisol. These bacterial function in relation to plant response to erosion needs to be clarified in the future studies. The comparison involving the undisturbed soil as a baseline also warrants further investigation.
